Pathology at preclinical and prodromal stages of Alzheimer's disease (AD) may manifest itself as measurable functional change in neuronal networks earlier than detectable structural change. Functional connectivity as measured using resting-state functional magnetic resonance imaging has emerged as a useful tool for studying disease effects on baseline states of neuronal networks. In this study, we use high resolution MRI to label subregions within the medial temporal lobe (MTL), a site of early pathology in AD, and report an increase in functional connectivity in amnestic mild cognitive impairment between entorhinal cortex and subregions of the MTL, with the strongest effect in the anterior hippocampus. However, our data also replicated the effects of decreased connectivity of the MTL to other nodes of the default mode network reported by other researchers. This dissociation of changes in functional connectivity within the MTL versus the MTL's connection with other neocortical structures can help enrich the characterization of early stages of disease progression in AD. V V C 2012 Wiley Periodicals, Inc.
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ABSTRACT:
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BACKGROUND
It has been argued that biomarkers based on structural MRI such as hippocampal volume are particularly sensitive to progression of neurodegenerative disorders, for example, during early, prodromal stages of Alzheimer's disease (AD), a window of time most suitable for clinical trials of disease modifying interventions (Jack et al., 2010) . However, pathologic changes in synaptic function likely precede neuropil degeneration and cell death, processes that ultimately result in tissue atrophy detectable in structural MRI. Such functional alterations may, therefore, be detectable even earlier by functional MRI, and can potentially be a valuable marker for early disease progression. As a result, investigations using functional MRI techniques, such as blood oxygen level dependent (BOLD) and arterial spin labeling (ASL) MRI have become more prevalent in studies of neurodegeneration in the last decade. Measures of resting-state, as well as taskrelated functional activation, have been applied.
Recently, a number of investigators have measured functional connectivity (FC) with resting-state BOLD functional magnetic resonance imaging (fMRI) in clinical studies of AD (Wang et al., 2006; Sperling et al., 2010; Bai et al., 2011; Chen et al., 2011; Li and Wahlund, 2011) , partly because of the relative simplicity of the experimental paradigm for such populations. Most of these investigations have looked at strengths of correlated activity in distributed networks of brain regions spanning the entire brain, for example, the default mode network (DMN) (Greicius et al., 2003) . Several researchers have characterized AD as a disconnection syndrome in which activity of the DMN, often reported as some combination of regions of interest (ROIs) in posterior cingulate, precuneus, medial prefrontal cortex (MPFC), lateral posterior parietal lobe, and medial temporal lobe (MTL) regions, is found to be lower than healthy controls (Wang et al., 2006; Sperling et al., 2010) . The MTL has often been described as a single ROI in these whole brain studies. However, the MTL is not only one of the earliest brain regions to present with pathology that leads to memory impairment, a hallmark of AD, but also its subregions have a selective topography of pathological involvement during early disease (Braak and Braak, 1991) . In particular, the perirhinal and entorhinal cortices (ERC) are affected earliest in the disease course with neurofibrillary tangles, one of the hallmark pathologic species of AD. This is then followed by involvement of the CA1 subfield in the hippocampus. Therefore, measures of function, such as func-tional connectivity, obtained within specific subregions of MTL may potentially be more sensitive to early disease stages.
To our knowledge, a study of functional connectivity between these MTL subregions-as opposed to in networks of larger cortical regions including the MTL-has not been reported in early AD. In this work, we use a recently developed automatic segmentation technique to label MTL subregions and compare functional connectivity of ERC with other MTL subregions in patients with amnestic mild cognitive impairment (aMCI), often a prodromal stage of AD, and older healthy controls (OHC).
SUBJECTS AND IMAGE ACQUISITION
Thirty-one OHC and 17 aMCI patients were part of this study. Patients were diagnosed according to the criterion of Petersen (2004) . Table 1 lists the demographic characteristics of the study cohort. The following scans were acquired on a 3T Siemens Trio scanner: 1 mm 3 T 1 -weighted structural MRI, high-resolution T 2 -weighted structural MRI (0.4 3 0.4 3 2.0 mm 3 with 0.6 mm gap) with a partial field of view covering the entire MTL angulated perpendicular to the long axis of the hippocampus (Fig. 1) , and 3 mm 3 resting-state BOLD fMRI using echo planar imaging (EPI).
IMAGE PROCESSING
ROIs within the MTL were labeled in high-resolution T 2 -weighted structural MRI using a recently developed automatic segmentation technique (Yushkevich et al., 2010) . This method allows labeling of 10 hippocampal and extra-hippocampal subregions, out of which five were used in this study. The hippocampus proper (HIPP) was subdivided into three subregions along the long axis: head, body, and tail. Outside the hippocampus proper, subiculum (SUB) and ERC were labeled. The accuracy of this labeling technique has been evaluated in Yushkevich et al. (2010) , and ranges from a Dice overlap of 0.77-0.90 for these five ROIs. The ERC ROI used as seed for connectivity analysis spanned three coronal slices in the head and body region [protocol details are available as Supporting Information in Yushkevich et al. (2010) ].
BOLD fMRI volumes were motion corrected and coregistered with the anatomical MRI using SPM5 (Friston et al., 1994) . The intra-MTL analysis followed a processing scheme used in Das et al. (2011) , customized for studying small ROIs defined in highresolution structural MRI. It began with resampling of the raw time series into the higher resolution anatomical space after applying the rigid transformations representing motion correction and coregistration. This technique has been shown to improve the effective spatial resolution of fMRI data (Kang et al., 2007) , which can enhance the ability to localize signal within individual MTL subregions. No spatial smoothing was performed with the same objective of retaining as much spatial specificity as possible. This was followed by temporal filtering to extract frequencies in the range of 0.008-0.08 Hz, and linear regression to factor out mean global time series and mean signal from white matter and cerebrospinal fluid regions. The Atropos method (Avants et al., 2011) was used for three-tissue segmentation. Average time series over the ERC subregion was chosen as the seed for FC analysis. This was primarily motivated by ERC being one of the earliest affected regions in AD. Average time series from other MTL subregions were correlated with ERC in all subjects. These correlations were defined to be the measure of functional connectivity between a pair of regions. Correlation values were z-transformed and entered into one sample t tests to assess if connectivity were significantly greater than zero within each group. Further, two sample t tests were used to assess significant group differences in functional connectivity between aMCI and controls. We hypothesized that ERC connectivity will be altered in aMCI compared to controls.
As a complement to the intra-MTL connectivity analysis, we also computed extra-MTL connectivity of an MTL ROI consisting of hippocampus and medial temporal cortices, defined in T 1 -MRI using the Hammers atlas (Hammers et al., 2003) . Four cortical ROIs in the frontal and parietal lobes that are typically associated with DMN were chosen: MPFC, posterior cingulate cortex (PCC), and left and right inferior parietal cortices (LIPC, RIPC). These ROIs were defined based on MNI coordinate locations reported in a previous study (Hedden et al., 2009 ) and edited to overlap with cortical gray matter. We note that a more conventional whole-brain fMRI processing scheme was preferred for this analysis, as the motivation for the extra-MTL analysis was to reproduce known effects reported in the literature using standard methodology. Thus, as noted above, ROIs were defined in the commonly acquired T 1 -weighted MRI using a T 1 -weighted whole brain MRI atlas, as is done conventionally. Raw data were not resampled into anatomical resolution, but resampled into the space of the mean EPI image, after application of motion correction and coregistration transformations, and Gaussian smoothing (full width half maximum FWHM 5 6 mm) was applied-as is typically done. We also note that MTL ROIs defined for intra-MTL analysis were not used in extra-MTL analysis to avoid possible confounds arising out of mixing two different processing schemes, as it would require downsampling these segmentations defined in high-resolution T 2 -weighted MRI to the lower resolution T 1 -weighted MRI, introducing partial volume effects. As has been shown by other studies using resting-state fMRI (Wang et al., 2006; Sperling et al., 2010) , we hypothesized that connectivity from MTL to cortical regions will be disrupted in aMCI.
In light of recent reports showing motion-related artifacts of decreased long-range connectivity and increased short-range connectivity (Van Dijk et al., 2012) , we tested if significant differences in motion exist between control and aMCI subject groups in our cohort. Two sample t-tests between mean motion as defined by Van Dijk et al. was used for this purpose.
RESULTS
In the intra-MTL analysis, functional connectivity of ERC to some MTL subregions was found to be higher in aMCI compared to controls (Fig. 2, top row) . This effect was strongest in the hippocampal head in both hemispheres. SUB also showed significantly increased ERC connectivity in the right hemisphere. Permutation-based (N 5 1,000) multiple comparisons correction was performed. Connectivity to the whole hippocampus ROI consisting of head, body, and tail is also plotted and shows the same overall effect. In addition, most ROIs showed significant within-group connectivity.
In contrast, in the whole brain analysis, controls showed significant connectivity of MTL to all four cortical ROIs, but aMCI showed significant connectivity only to PCC (Fig. 2 , bottom row). Moreover, controls had larger mean connectivity in all four ROIs than aMCI, and this group difference was significant in MPFC with right MTL and bilateral IPC with left MTL.
DISCUSSION
To the best of our knowledge, this is the first study to examine group differences in functional connectivity from resting-state fMRI between specific subregions of the MTL labeled in individual subjects in MCI or early AD. We found increased connec- tivity within the MTL in aMCI, and at the same time, found decreased connectivity of MTL with some cortical regions that are thought to be part of the DMN. The effects of decreased connectivity of MTL to DMN regions qualitatively recapitulated findings of disconnections of MTL to neocortex in aMCI reported in the literature (Wang et al., 2006; Sperling et al., 2010) , although not all ROIs showed statistically significant disconnection in our data. Even though AD has been described, in part, as a disconnection syndrome leading to impaired cortical connectivity to other cortical regions and to MTL, it is possible that independent and synchronous activity within the MTL may increase due to decreased cortical afferents, particularly to the ERC, which receives the majority of cortical innervation. At the same time, it is possible that pathology within the ERC and hippocampus may lead to disinhibition of the hippocampal trisynaptic loop that gives rise to increased activity in hippocampal subfields correlated with ERC, where different cell layers serve as both input and output structures of the loop. Indeed, decreased input from the ERC to CA3/dentate gyrus (DG) due to reduced integrity of the perforant pathway, which is particularly vulnerable to early AD pathology, has been hypothesized to be related to the hyperactivity observed in CA3 neurons in aging rodents and humans (Wilson et al., 2006; Yassa et al., 2011) . This hyperactivity may then relate to increased connectivity with outputs to the ERC.
Paradoxical increases in MTL activation in MCI relative to cognitively normal adults have frequently been observed in task-related fMRI studies (Dickerson et al., 2005) , although decreased activation has also been reported (Petrella et al., 2006) . For example, hyperactivation localized to the CA3/DG subfield was recently observed in aMCI patients in a memory task that taxes pattern separation between similar studied and unstudied lure test items (Yassa et al., 2010) . Another study of individuals across the continuum of normal aging, MCI, and mild AD (Celone et al., 2006) reported a nonlinear trajectory of fMRI activation where less impaired MCI subjects showed hyperactivation, but more impaired ones showed hypoactiva-
Top panels show results of intra-MTL connectivity analysis. Bar graphs plot mean functional connectivity of ERC to other MTL subregions in aMCI (red) and OHC (blue). P values shown are uncorrected for multiple comparisons. Group effects remained significant after permutation-based correction. Bottom panels show results of cortex-to-MTL connectivity analysis. Bar graphs plot mean functional connectivity of MTL to cortical ROIs. Error bars represent standard error. Asterisks on top of an error bar indicate significant FC within the corresponding subject group, and those over the line connecting the bar graphs for two groups indicate significant cross-sectional difference in FC between the groups (aMCI >controls in top panels, and controls >aMCI in bottom panels). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] tion. Thus, effects of hyperactivation or hypoactivation may depend on cohort selection and may not be detectable in an inhomogeneous dataset. Interestingly, the cohort in our study mostly consisted of early stage MCI patients. Thus, our finding of increased connectivity in MCI is consistent with the observations of Celone et al. (2006) . It is, however, important to mention that task-based activation measures increased neuronal activity relative to a baseline condition, which does not necessarily imply greater spontaneous correlated activity in resting state. Although both effects can coexist, this can only be studied in a population in which both resting and task-related fMRI data have been acquired. Perhaps, even more related to our finding here of increased connectivity at rest are several studies which have reported increased baseline cerebral blood flow in the MTL measured by ASL MRI in prodromal and early AD (Alsop et al., 2008 (Alsop et al., , 2010 Dai et al., 2009; Fleisher et al., 2009) . One interpretation of this may point to increased, synchronized, neuronal activity. Finally, consistent with our finding, another study recently found that connectivity strength of an anterior temporal network that included areas of anterior MTL, where our effects were strongest, increased in aMCI compared to controls (Gour et al., 2011) .
One limitation of this study is the relatively lower spatial resolution of BOLD fMRI data (3 mm 3 ), whereas 2 mm 3 is generally considered the appropriate resolution for detailed functional studies of MTL (Carr et al., 2010) . We used some techniques to maximize the spatial specificity of the signal, and only report results in coarsely divided subregions of the hippocampus (head, body, and tail), even though segmentation of the body region into CA and DG subfields were available in the anatomical images. Thus, it is difficult to ascertain if the group effects reported here are localized within specific subfields, or within parts of a subfield confined to an antero-posterior extent. Nonetheless, we are confident that effects within the subregions studied here are separable using 3 mm 3 fMRI data, as we have shown previously in a different clinical dataset, where subregional analysis using 2 mm and 3 mm data provided analogous findings (Das et al., 2011) .
Functional connectivity studies in general, and studies using small, nearby ROIs in particular, are susceptible to confounding effects arising from signal variations due to non-neural sources. One source of such confound is unequal subject motion between groups (Van Dijk et al., 2012) . If the patient group had significantly greater head motion, this could lead to measurement of spurious increase in connectivity between nearby regions and a decrease in connectivity between distant regions, as we found. There is so far a lack of consensus in the literature about an effective way to correct for this confound. Therefore, while we did not explicitly use any correction scheme other than standard motion correction between EPI volumes, we tested if there was any significant difference in motion between the groups and found no significant difference in mean motion between controls and aMCI (P 5 0.49). Thus, we think it is unlikely that this confound affected results reported here. More generally, a common source of noise, whether locally correlated or not, if present at a higher level in one group of subjects, can introduce a similar confound. One way to examine relative levels of potential nonneural noise is to compare the root mean squared signal fluctuations relative to baseline signal level between the groups. We tested this in six ROIs that showed group effects in our study: bilateral HIPP, ERC, and HEAD. Only the left hippocampus showed a significant group difference in signal fluctuation in our data (two sample t tests, L ERC P 5 0.21; L HEAD P 5 0.9; L HIPP P 5 0.004; R ERC P 5 0.29; R HEAD P 5 0.77; R HIPP P 5 0.73). We note that the strongest group effects of FC were found on the right side, where there were no significant signal level differences.
Another aspect of group studies that can affect the interpretation of effects found using functional measurements, such as those reported here, is the possible correlated change in structure and function. We correlated volumes of ERC and HEAD ROIs in both hemispheres with FC measures between this pair of subregions that showed the strongest functional effect. There was no significant correlation between volumetric and functional measurements (L ERC r 5 0.07, P 5 0.64; L HEAD r 5 0.19, P 5 0.20; R ERC r 5 20.10, P 5 0.50; R HEAD r 5 20.03, P 5 0.83) and significant group differences in volume was present only in left ERC. Thus, in this dataset, structural differences do not appear to drive the functional effects.
In conclusion, the present findings support a relative disconnection of the MTL from other neocortical structures, but evidence for increased connectivity locally within the MTL, potentially providing additional insight into the physiology of early memory change in AD and a potential functional biomarker of the early disease process. Future work will need to explore MTL connectivity at higher resolution to examine more granule subfield relationships and change through the course of normal aging to AD.
